Background: Autopsy series have shown that some elderly people remain with normal cognitive function during life despite having high burdens of pathologic lesions associated with Alzheimer disease (AD) at death. Understanding why these individuals show no cognitive decline, despite high AD pathologic burdens, may be key to discovery of neuroprotective mechanisms.
Autopsy series of elderly subjects with normal cognitive function have consistently found high burdens of pathologic lesions associated with Alzheimer disease (AD). [1] [2] [3] [4] [5] Some studies refer to this state as preclinical AD, suggesting that this is a precursor to AD. 3 While some studies report subtle changes in neuropsychological measures in cognitively intact individuals with high AD pathology burdens compared to those with no or low AD pathology burdens, other studies have not found such changes. 1, 2, 6 It remains unknown why these individuals do not show symptoms of overt dementia despite these pathologic changes. One explanation is that the high burdens of classic AD lesions found in these subjects may be necessary but not sufficient to cause cognitive impairment because of compensatory mechanisms or brain reserve.
Most previous studies are descriptive and report pathology results of autopsy series according to premorbid clinical state. In contrast to these studies, we specifically designed our study to investigate factors that may protect individuals with high AD pathology from having overt symptoms of dementia and cognitive decline. Using a case control design, subjects who remained with normal cognitive function despite a high burden of AD pathologic lesions were matched to a group of patients with AD with an equivalent burden of lesions. Clinical and pathologic characteristics as well as antemortem brain volumes obtained by MRI scans were compared between the two groups.
METHODS The Oregon Health & Science University
(OHSU) institutional review board approved this study.
Description of cohorts. Subjects were from the longitudinal cohort studies conducted at the National Institute on Aging (NIA)-OHSU Layton Aging and AD Center. Recruitment, exclusion, and inclusion criteria for these studies and subject evaluations have been described previously. 7 Briefly, these longitudinal aging studies ongoing since 1989 recruit cognitively intact elders who are 65 years of age and older from the community, are without conditions that impair cognition, and have no risk factors for vascular disease. Only those with no evidence of cognitive impairment, questionable dementia, or memory problems and no evidence of clinical depression are enrolled. Subjects with AD are recruited from the NIA-Layton Aging and AD Center clinic at OHSU.
Subject evaluations.
All subjects were evaluated semiannually with standardized clinical examinations. Cognition and functional status were assessed using the Clinical Dementia Rating Scale (CDR), 8 Mini-Mental State Examination (MMSE), 9 Neurobehavioral Cognitive Status Examination (NCSE), 10 and a psychometric test battery that covers key domains. 11, 12 From this psychometric battery we used the animal fluency test and the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) Word List Memory task since these were available for almost all of the study subjects. The CERAD Word List Memory task has three components 12 : word list memory (involves learning a list of 10 words over three trials; the maximum score is 30); word list delayed recall (involves recalling the words after a 3-5 minute delay; the maximum score is 10); and word list recognition (involves recognizing the 10 words of the Word List Memory task when presented among 10 distractor words; the maximum score is 20). Raw scores not adjusted for education were used.
Clinical assessment data related to general chronic disease burden was assessed with the Cumulative Illness Rating Scale (CIRS). 13 Parkinsonism was assessed with a modified Unified Parkinson's Disease Rating Scale (UPDRS) motor subscale. 14 Demographic data included socioeconomic status (SES), 15 years of education, and the presence of family history of AD. A subgroup of subjects had annual MRI scans and some subjects donated their brains upon death. All subjects had APOE genotyped. For this study, we used the clinical assessments most proximal to death. Subject selection. From the autopsy case series of 477 subjects at the OHSU NIA-Layton Aging and AD Center, the subjects meeting the following criteria were included in the current study: having a diagnosis of probable or possible AD based on previously published criteria 16 or remaining cognitively intact on last evaluation (cognitively intact was described as having a CDR score ϭ 0); having a last clinical evaluation within 1 year of death; found on autopsy to have high AD pathology burden (high AD pathology was described for this study as having a Braak stage V or VI and moderate or frequent neuritic plaques [NP] based on CERAD criteria 17, 18 ); and having antemortem MRI brain volumes and neuropsychological tests.
Following these criteria, 24 AD and 12 cognitively intact subjects met the inclusion criteria.
MRI methods. MRI scans measuring intracranial, total brain, ventricular, and hippocampal volumes were obtained before death. Scan protocols and analysis methods for MRI volumes have been described previously. 19 Briefly, MR images were obtained using a 1.5-Tesla magnet. The protocol consisted of continuous-slice, multiecho, multiplanar image acquisition, with 4-mm-thick coronal slices and a 24-cm 2 field of view using a 256 ϫ 256 acquisition matrix with 0.5 excitations. Multiecho coronal sequence with repetition time 3,000 msec, echo time 30 and 80 msec was used to visualize the brain. To orient the coronal plane, T1-weighted sagittal images centered in the midsagittal plane were used.
MR images were analyzed using REGION, a semiautomated analysis program developed by our research team. 19 Recursive regression was used to discriminate between different tissue types for ventricular and total brain volumes. Hippocampal volumes were manually traced. Interrater reliability for all regions assessed by intraclass correlation coefficient was Ն0.9. Time from MRI to death was calculated by subtracting age at MRI from age at death. All brain volumes of interest were divided by intracranial volume to adjust for differences in head size.
Neuropathologic methods. Brains were examined for neurofibrillary tangle (NFT) and NP pathology and staged by Braak and Braak and CERAD systems. 17, 18 Neuropathologic evaluation of subjects has been described previously. 20 Briefly, brains were fixed in neutral-buffered formaldehyde solution for at least 2 weeks and examined grossly as well as microscopically. For microscopic evaluation, tissue samples were taken from all cortical lobes bilaterally or unilaterally, frontal lobe white matter, anterior cingulate gyrus, hippocampus, amygdala, bilateral striatum and thalamus, midbrain, pons, medulla, and cerebellum. Sixmicrometer sections were routinely stained with hematoxylineosin, Luxol fast blue, Congo red-gallocyanin, and by the modified Bielschowsky silver impregnation method. Selected sections of hippocampus and neocortical regions were immunostained with antibody to tau (tau2, Sigma, St. Louis, MO). Pathologic diagnoses were established using current consensus criteria. 21 Information related to NP and NFT burdens, presence of ischemic, hemorrhagic, or vascular pathology, amyloid angiopathy, large vessel strokes, lacunes, presence of Lewy bodies (LB), hippocampal sclerosis, and degree of arteriosclerosis were summarized using the National Alzheimer's Coordinating Center Neuropathology Data Form. 22
Statistical analysis. Statistical analysis was performed by Dr.
Erten-Lyons (from the Portland Veterans Affairs Medical Center and OHSU Neurology Department). The following characteristics were compared univariately between the AD and cognitively intact groups: 1) demographic characteristics: gender, age at last evaluation, age at death and at MRI, time from last evaluation to death, years followed, SES, years of education, presence of family history of AD and the APOE 4 allele; 2) clinical characteristics: CIRS, UPDRS, MMSE, CERAD word list task, animal fluency scores; 3) neuropathologic characteristics: Braak NFT and CERAD NP scores, presence of ischemic, hemorrhagic, or vascular pathology, large vessel strokes, lacunes, hippocampal sclerosis, LBs, amyloid angiopathy, and degree of arteriosclerosis; 4) morphometric characteristics: brain weight and intracranial volume.
Univariate analyses were conducted by using 2 or Fisher exact test for categorical variables and t test for continuous variables.
Multiple regression models were run for the outcomes hippocampal, total brain, and ventricular volume proportions with a group membership (AD vs cognitively intact) as an independent variable, adjusting for age at MRI, time from MRI to death, gender, Braak NFT and CERAD NP scores, and presence of ischemic, hemorrhagic, or vascular pathology. Multiple regression analysis was also performed for the outcome intracranial volume with a group membership as an independent variable, adjusting for gender. Significance was set at p Յ 0.05. Statistical analysis was conducted using JMP 5.0.1a (SAS Institute, Cary, NC).
RESULTS Univariate analyses. Demographic and clini-
cal characteristics. Age at last evaluation and death, gender distribution, education, SES, time from last evaluation to death, presence of family history of AD, and presence of APOE 4 allele were not different between the groups. The AD group was followed longer and time from last MRI to death was longer in this group (table 1) .
No subjects had PD. UPDRS and CIRS scores were not different between the groups. The cognitively intact group scored higher on all cognitive tests (table 2) .
Neuropsychological testing most proximal to death was not always at the last clinical evaluation before death. All cognitively intact subjects had neuropsychological tests within 1 year of death. For AD subjects, neuropsychological tests were available at a mean of 1.58 (Ϯ1.22) years before death (range 0.2-4.8 years).
Neuropathologic and morphometric characteristics. The AD group had more individuals with Braak stage VI NFTs. The presence of frequent NPs, presence of ischemic, hemorrhagic, or vascular pathology, presence of amyloid angiopathy, and degree of arteriosclerosis were not significantly different between the groups. Seven subjects with AD had coexisting LB pathology, and none of the cognitively intact subjects had LBs. Five AD and two cognitively intact subjects had large vessel strokes; six AD and two cognitively intact subjects had lacunar infarcts. One subject with AD had hippocampal sclerosis (table 3) . Brain weight and intracranial volume were not different between the groups.
Multiple regression analysis. In multiple regression analyses after adjusting for gender, age at MRI, time from MRI to death, Braak and CERAD scores, presence of ischemic, hemorrhagic, or vascular pathology, hippocampal and total brain volumes were significantly associated with group membership. These remained significant at p Ͻ 0.01 after Bonferroni correction for multiple comparisons. Ventricular volume did not show a significant association with group membership (table 4). Intracranial volume was not associated with group membership after adjusting for gender.
We repeated the above analysis by adding presence of lacunar infarcts and LBs as independent variables. Group membership remained significantly associated with total brain and hippocampal volume proportions, while presence of lacunes or LBs were not significantly associated with either of the brain volumes. The results did not change when excluding the subject with AD with hippocampal sclerosis. We repeated the above analysis in a subgroup of subjects with Braak stage V and frequent NPs (11 AD and 5 cognitively intact). Hippocampal volume remained significantly different between the two groups. Numbers are mean (standard deviation) or percent. AD ϭ Alzheimer disease. 
DISCUSSION
Our results suggest that having a larger hippocampal and total brain volume sets cognitively intact individuals with a high burden of AD pathology apart from individuals with overt dementia and a similar amount of AD pathologic changes. This may be interpreted in several ways. First, larger brain volumes may indicate a greater preexisting brain reserve. Second, the cognitively intact group may have other forms of compensation or protection from the pathologic processes that underlie ADrelated changes. Third, the brain volume loss in the AD group is not directly caused by the NFTs and NPs. In this case NFTs and NPs are makers of other pathologic processes that actually lead to brain atrophy in AD. The relationship between preexisting brain reserve and risk of AD has been investigated in several studies. While some studies have shown an association between indirect measures of brain size such as head circumference or intracranial volume and risk of AD, others have failed to show such an association. [23] [24] [25] [26] [27] In our study, there was no difference in intracranial volume between the two groups. If we assume that intracranial volume is a crude measure of maximum brain size attained during life, then this argues that the larger brain volume we observed does not reflect a preexisting reserve. We also did not observe a difference in education or SES between our cases and controls. Both education and SES have been suggested to be an index of cognitive reserve providing protection against dementia. 28 The second interpretation of our results is that there are other physiologic or molecular mechanisms providing protection against the pathologic changes associated with AD. An example of such mechanisms that may promote or protect cognitive function are the number of synapses. 29 A study investigated the number of synapses in individuals with AD, mild cognitive impairment, and no cognitive impairment. 29 The authors reported that synapse loss was higher in the AD group compared to the mild cognitive impairment and cognitively intact groups, and was a structural correlate of cognitive decline. The authors also investigated an association between total Braak scores, NIA Reagan scores, and synapse numbers, and these did not show an association. Lack of such an association further supports the notion that features such as synapse number may contribute to whether cognitive decline proceeds in the presence of AD pathology. Studying protein expression in the brains of cases and controls like ours with equivalent AD pathology may also improve our understanding of other mechanisms playing a role in AD pathophysiology. 30 Table 3 Selected pathologic characteristics AD, n ‫؍‬ 24 Apoptotic pathways represent another mechanism that may play a role in resistance to dementia in these individuals. Apoptosis has been suggested to be one of the main causes for the cell loss accompanying neurodegenerative diseases such as AD. 31 Brain volume loss in patients with AD may be secondary to activation of apoptotic pathways by the NFT and plaques. 32 Thus differences in regulators of apoptosis may lead to resistance to neurodegeneration and associated brain volume loss. For example, the FAS gene, which is a member of the tumor necrosis factor receptor superfamily, plays a role in apoptosis and has been associated with AD. 33 It has also been shown to be associated with brain volumes obtained by MRI scans in patients with AD. 34 Polymorphisms in genes such as FAS, which play a role in regulation of apoptosis, may mediate the relationship between plaques and tangles and the degree of neurodegeneration, brain volume loss, and presence of symptoms of AD.
Another interpretation of our finding is that the plaques and tangles do not directly cause loss of brain volume observed in patients with AD. Other mechanisms that are closely correlated with plaques and tangles may lead to brain volume loss in patients with AD. Several studies have shown a correlation between postmortem brain volumes and postmortem Braak stage, NFT measures, and neuron numbers. [35] [36] [37] One study found that postmortem neocortical NFT and NP pathology correlated well with last ventricular volume prior to death and rate of ventricular volume increase in patients with AD while in cognitively intact individuals such a correlation did not exist. 37 The authors also reported that the last hippocampal volume prior to death correlated well with hippocampal NFT pathology in patients with AD, while in the cognitively intact subjects the hippocampal NFT pathology did not correlate with antemortem hippocampal volume. Lack of an association between brain volumes and pathology in the cognitively intact subjects may mean that NFTs and NPs are markers of another process in AD, but do not lead to brain volume loss in the absence of these other processes related to AD. However, a correlation between brain volume and AD neuropathology in nondemented individuals has been reported in some other studies. 35, 36 This may be because the nondemented group in these studies may represent a more heterogeneous group with some having preclinical AD or some mild memory problems.
Our entry criteria and prospective clinical evaluations enhanced the likelihood that subjects in our study do not fall into the preclinical AD group and did not have subtle memory problems. When we compared several psychometric tests between the cognitively intact group with high AD pathology and another group of cognitively intact elderly who were found to have low AD neuropathology (Braak stage I or II and no or sparse NPs by CERAD criteria), we did not find significant differences between these two groups (table e-1 on the Neurology ® Web site at www.neurology.org). Similarly, a study using Pittsburgh compound to image amyloid deposition reported no significant differences in cognitive performance between cognitively intact elderly with high vs low amyloid binding. 38 Another study suggested that the relationship between postmortem brain volumes and cognitive function is more robust than the relationship between neuropathology and cognitive function. 39 This further supports the notion that brain volume seems to play a major role whether cognitive decline occurs in the setting of AD neuropathology.
This study has several limitations. First, matching subjects with high AD pathologic lesion burden and selecting only those with antemortem MRI scans resulted in a restricted sample size. Nevertheless, we observed a statistically significant difference in the brain volumes between AD and cognitively intact subjects even with our relatively small sample size. Our results need replication in a larger sample. Second, since most patients with AD at the final stages of their disease become housebound, subjects in the AD group had a longer time between their MRI and death. This has an effect of minimizing the magnitude of difference in the brain volumes. Ideally one would prefer to have MRI scans within 1 year of death for both groups and we tried to correct for this confounder statistically. Finally, we matched the subjects based on widely used semiquantitative methods to assess the presence of tangles and plaques. Given the possibility of individual variation within the same Braak or CERAD scores, quantitative pathologic assessment methods may be needed in future studies to be able to match cases and controls more precisely.
Our results suggest that individuals with a high burden of AD pathologic lesions do not manifest overt cognitive impairment if they also have larger hippocampal and brain volumes. Identifying the mechanisms whereby larger hippocampal and brain volumes are protective, either by providing more brain reserve or as a result of other processes leading to resistance to neuronal loss traditionally attributed to NFT and NPs, warrants further investigation.
